A numerical simulation study of CO 2 injection into the Forties and Nelson oilfields to estimate their storage potential is presented in this paper. The estimation involves the consideration of key-performance indicator parameters that include: the pressure buildup for different rates and locations of injection, the regional mass fraction of CO 2 , the volumetric efficiency of the storage reservoirs, and the plume size. Various injection scenarios were compared in terms of these parameters, and the best scenario was identified for the capacity estimation. Potential leakage through the wellbores in the surrounding saline aquifer was also investigated.
Introduction
CO 2 storage in depleted or mature hydrocarbon fields, with proven traps that have retained oil (or natural gas) for millions of years, are considered to be advantageous over the storage in pristine saline aquifers with limited and uncertain knowledge of the geological environment, trapping potential, or storage capacity. This option might also be economically sustainable as it can enhance oil (EOR) or gas (EGR) recovery. Moreover, an additional benefit of using EOR for reducing CO 2 emissions is the potential to utilise at least some parts of the existing infrastructure of the hydrocarbon fields, as well as the petroleum engineering and operational knowledge base [1] .
The Forties and Nelson oilfields located in the UK Sector of the Central North Sea, featuring high quality channel sands, have been considered as potential CO 2 storage sites. Ketzer et al. [2] evaluated the long-term CO 2 leakage risk from the Forties reservoir, assuming that it was filled with supercritical CO 2 , and reported that the plume would travel only a small distance in the overburden during a post-injection period of 1,000 years. Cawley et al. [3] noted that the CO 2 pressure would not exceed the capillary entry pressure of the overburden at any time during the postinjection period. They concluded that the Forties oilfield is a suitable structure for CO 2 storage due to the absence of major faults, the hydrostatic conditions, the thickness of the reservoir, and very low permeability of its overburden. Although the risk assessment study conducted by Cawley et al. [3] accounted for different leakage pathways through the underlying saline aquifer, the caprock, the overburden, and the wellbore, there still remain uncertainties about the well integrity and potential leakage pathways to the seabed through abandoned wells.
Methodologies developed and used in estimating storage capacity have been reviewed extensively by Bradshaw et al. [4] . Static capacity estimations assume that the rock and fluid properties remain constant over time, whereas dynamic methods allow these properties to vary with pressure and temperature during the process of CO 2 storage. The most commonly used static methods are the volumetric method and the compressibility method. Examples of dynamic methods are the decline-curve analysis, material balance, and reservoir simulations. The numerical simulation technique is the most sophisticated method used in estimating CO 2 storage capacity, since it takes into account the heterogeneity of the storage site and allows the assessment of various site-specific scenarios of CO 2 storage operations.
The objective of the research presented in this paper was to estimate the static and dynamic storage capacities of the Forties and Nelson oilfields, assuming that the reservoirs have been fully depleted and are now saturated with brine [2, 3] . To estimate the static capacity, a simple volumetric method was used. The dynamic capacity was estimated by assessing the findings of a number of CO 2 injection scenarios for the Forties reservoir, subject to the constraint that, in each scenario, only one vertical well (or production platform) in each reservoir is utilised. By varying the rate of injection between 1, 3 and 5 Mt of CO 2 per annum, 12 scenarios of CO 2 injection were considered. Potential constraint of accounting for leakage risk through abandoned wells in the surrounding aquifer on the estimated dynamic storage capacity was also investigated.
Construction of a static and dynamic reservoir model
The study area is part of the Forties-Montrose High located in the North Sea Central Graben, encompassing the Forties and Nelson oilfields and the surrounding aquifer (Fig. 1) . The Forties and Nelson reservoirs are submarine fan deposits contained in the Paleocene/Eocene Forties Sandstone Member and overlain by Lower Eocene shale [6, 7] . The two reservoirs are located in the proximal inner (interbedded sand/shale) to middle (mainly massive sand) fan region [6] , and are mostly channelised and characterised by high net to gross ratios, good porosities, and high permeabilities [8] . A detailed geological description of the Forties and Nelson hydrocarbon fields in the UK sector of the North Sea has been reported by Kulpecz and van Geuns [9] and Kunka et al. [10] . The 3D geological model developed in this study broadly captures and represents the heterogeneities present within what is a very complex submarine fan environment. The fan system within the two fields comprises the main hydrocarbon producing fairways: large amalgamated stacked channel systems of the Late Paleocene Early Eocene Forties Sandstone Member within a four-way dip-closed anticlinal structure. Along with the channels are the associated channel margins and interchannel areas. The varying relative dominance and position of the different parts of the submarine fan system through time resulted in a high degree of lateral and vertical variation. This is represented in the lithologies found in the system and their associated petrophysical parameters. The reservoir zonation schemes in each of the fields has been unified and extended out with the field areas and, for the 3D model, consists of 7 reservoir Zones (D, E, F, H(a), J, K, and L) and capped by a seal (Zone M) including two field-wide permeability barriers (Top of Zones D and H(b)) to vertical flow based on published information [10, 11] . Fig. 2 shows a cross sectional view of Forties and Nelson reservoirs, and the regions lying inside and outside of the reservoir boundaries. [5] . Pink areas represent the declination of the two oil reservoirs, i.e., the maximum extent of the reservoirs above the water-oil contact. The dashed red polygon shown in the lower image represents the boundaries of the aquifer area used in the simulations.
The attribution of the geological model with petrophysical properties, namely porosity, permeability and net-togross (NTG) ratio, was carried out using Gaussian Sequential Simulation. The ranges of values used are based on generalisations from literature references such as Kunka et al. [10] and Wills [12] . Fig. 3 illustrates one set of realisations that were generated for the above-mentioned properties.
Reservoir properties of the fluids for the Forties and Nelson oilfields were derived from Wills [12] , Kunka et al. [10] , and Hempton et al. [8] . The oil-gas and water-gas relative permeability curves used were derived from Cawley et al. [3] , who investigated CO 2 enhanced oil recovery at a segment of the Forties field.
The numerical model developed was calibrated using the historical water and hydrocarbon production from the DECC database [13] , as well as the historical pressure data found in the literature [14] . A key outcome of the model calibration was the determination of the pore volume multiplier (PVM) which is used in the simulations to account for the contribution and level of support provided by the surrounding aquifer system through the boundaries. The PVM applied on the boundary blocks which led to the agreement between the simulation results and the data increased the volume of formation brine in the system from 8,552 million sm 3 to 42,548 million sm and (c) porosity.
CO 2 storage static capacity estimation for the Forties and Nelson depleted reservoirs
For depleted oil reservoirs, the static capacity for CO 2 storage can be estimated. using the equivalent mass of CO 2 that can replace the maximum recoverable oil at reservoir conditions [4] . The capacity estimates for the oilfields are given in Tables 1 and 2 , considering ultimate oil recovery and fully depleted cases respectively.
Static capacity estimates suggest that the Forties field is by far a better candidate for CO 2 storage. While the literature is unanimous on the fact that Forties is a good candidate for CO 2 storage, the values reported exhibit considerable variation. The Scottish Centre for Carbon Storage [15] reported 138 million tonnes of CO 2 storage capacity for the Forties oilfield by CO 2 -EOR and, assuming a range of 0.2% -2% storage efficiency, they reported a storage capacity of 886 -8,856 Mt CO 2 for an area encompassing the entire Forties formation. Elsewhere, Espie [16] reported that at least 75 Mt CO 2 could be stored by EOR in the Forties reservoir, with further potential if storage was continued for its own sake after EOR.
Wide variations seen in the estimates of static storage capacity demonstrate the importance of conducting flow simulations in order to obtain more reliable dynamic storage capacity estimates, which will be discussed in the next section. The dynamic capacity estimates presented assume that the oil reservoirs are fully depleted and the entire pore volume is available for CO 2 storage. 
CO 2 storage dynamic capacity estimation for the Forties and Nelson depleted reservoirs
There are four main production platforms, evenly spaced over the area of the Forties field: Forties Alpha (FA), Bravo (FB), Charlie (FC) and Delta (FD), and an auxiliary platform Forties Echo (FE). There is only one platform for the Nelson reservoir which is referred to as N in the UK Department of Environment and Climate Change (DECC) database for production wells in the North Sea [17] . The dynamic capacity of the Forties and Nelson depleted reservoirs was estimated in two stages. In the first stage, only one of the four main platforms (FA, FB, FC and FD) and one vertical injection well in each platform were used each time in any one injection scenario in the Forties. After the analysis of all the scenarios were assessed and the most effective storage scenario defined, a vertical CO 2 injection well on Nelson platform was introduced to determine the dynamic storage capacity of each reservoir in the second stage simulations.
In order to assess the injection scenarios, four performance indicators (or metrics) were considered, namely: the pressure build-up for different rates and locations of injection, the regional mass fraction of CO 2 , the volumetric efficiency of the storage reservoirs, and the plume size. Three different CO 2 injection rates (1, 3 and 5 Mt/year) constrained by the injection bottomhole pressure (1.3 times initial hydrostatic pressure) were simulated for up to 100 years, with further 100 years post-injection monitoring period considered. To help track the CO 2 plume movement and spillage outside the Forties dome, the model domain was divided into five regions: the Forties reservoir ( A uniform bottomhole pressure build-up ratio for the Forties and Nelson domes (Regions 1 and 2) generally suggests a good lateral communication between the two structures. It is also observed that, except for platform FC, all other platforms can safely sustain a CO 2 injection rate of 3 Mt/year while maintaining a conservative well bottomhole build-up ratio of 1.3. In terms of field pressure increase analysis, three critical model layers were identified, namely: Layer 7, which is the topmost layer in immediate contact with the caprock in Region 3; Layer 27, which is the topmost layer beneath the Charlie Shale in Region 4; and Layer 44, which is the layer immediately below the Mudstone formation in Region 5. Although the localised pressure increase in these layers varies significantly from one platform to another, it is noted that injection through platforms FA and FD leads to lower pressure increase.
The mass fractional analysis determines the level of containment in and spillage out of the Forties dome (Region 1). It is observed that the containment drastically drops and consequently spillage increases when injection rates increase, suggesting that a control over CO 2 spill is best achieved by injecting at a rate lower that 3Mt/year. The results also indicate that injection through platform FD leads to the least spillage, even with the high rates of 3 Mt/year and 5 Mt/year that were simulated. In terms of volumetric efficiency analysis, injection through platform FD offers the highest increase in efficiency, estimated as 35 %, when the injection rates increased from 1 Mt/year to 3 Mt/year. Finally, based on the plume volume extent in the three critical layers (7, 27 and 44) CO 2 does not migrate significantly in all cases, except for injection through platform FC in layer 44.
Thus, the injection through platform FD at a rate of 2 Mt/year was then considered in the second stage of dynamic capacity estimation, simultaneously with the injection through platform N in the Nelson field at a rate of 1 Mt/year. Fig. 4 illustrates some key results of the dynamic storage capacity estimation. The mass fraction analysis results (Fig. 4a) show that after 100 years of injection, 40 % of the cumulative mass of injected CO 2 (120 Mt) remains in the Forties dome, whereas less than 10 % remains in the Nelson dome. In terms of volumetric efficiency (Fig. 4b) , 30 % of the Forties dome and 40 % of the Nelson dome are utilised for CO 2 storage at the end of the simulation period. 
Risk of leakage through wellbores in the surrounding saline aquifer region
The whole domain including the two reservoirs and the surrounding aquifer were divided into five regions according to the level of risk they impose when CO 2 migrates into these regions. The prioritised regions in terms of CO 2 containment are naturally the dome regions. In contrast, one region (Charlie Sand) was given the least priority, so that CO 2 should not migrate to this region as the region is lying outside the domes, is in immediate contact with caprock and has been perforated with water injection wells during the oil production stage. There are numerous water injection wells outside the reservoir boundaries used to maintain the peripheral reservoir pressure during oil production. In an attempt to evaluate the potential risk posed by abandoned wells, it was assumed that these water injection wells represent a high risk of leakage. It was further hypothesised that these wells could not be accurately located. This line of reasoning is based on the fact that these wells may most likely be orphaned, leaving liability with the state and posing a risk of unsafe abandonment [17] .
Dynamic estimates of the capacity of the reservoirs, conditioned on minimising the risk of leakage from the perforation to the surrounding aquifer outside the reservoirs, are evaluated using a probabilistic approach. The approach starts by calculating the mass of the free gaseous phase CO 2 that, at the end of simulation, lies beneath the caprock and is above the Charlie Shale for a number of reference locations outside the reservoirs (Fig. 5) . The simulations are carried out for 100 years of injection and additional 100 years of post-injection stabilisation. The approach, then, aims to identify the injection platform which results to the lowest number of reference points outside the reservoirs where the mass of free CO 2 column is higher than a specified threshold. By implementing this approach, the probability of a free gaseous CO 2 leak from imperfectly sealed wellbores of uncertain location outside the reservoir boundaries is minimised.
In Fig. 5 , the red crosses represent the reference locations where the mass of free CO 2 column is calculated (221 in total, out of which 197 lie outside the reservoir boundaries). Also shown are several well heads and trajectories. However, in the absence of accurate data, neither the number of wells, nor the exact coordinates of well trajectories can be confirmed. On the other hand, the position of the platforms in the model are specified [17] . Assuming a leakage threshold of only 1 tonne CO 2 , the number of points that lie outside the reservoirs and could leak a mass of the free gaseous CO 2 higher than the threshold from the Charlie Sand for the 12 scenarios of injection (each scenario implemented for three realisations) are given in Table 3 . It is shown that using platform FD infers the least number of points with risk of leakage over 1 tonne of CO 2 , whereas using platform FC infers the most number of such points. Also, it can be observed that increasing the rate of injection from 1 to 3 Mt CO 2 per annum for platform FD, increases the number of risk-prone reference points to the same level as using a 1 Mt CO 2 injection rate per annum through platforms FA and FB. Therefore, if this was a criterion to decide on injection rate, it should be safe to use 2 Mt CO 2 injection per annum through platform FD. Consequently, the scenario of injecting 2 Mt CO 2 per annum by platform FD and 1 Mt CO 2 per annum by platform N, also selected in the previous section, also meet the selected leakage risk minimisation criterion.
Conclusions
In this study an analysis of CO 2 injection for Forties and Nelson oil reservoirs (assumed fully depleted) was performed. A mass analysis of migration of CO 2 has revealed that the injection may not be carried out through the wells branching from the Forties Charlie platform (FC) as this scenario leads to significant migration of CO 2 out of reference leakage point
Charlie shale column of free CO that could leak the spill point of the Forties reservoir and also leads to significant localised pressure build-up just beneath the caprock. By contrast, platform Forties Delta (FD) has shown the least amount of migrated mass of CO 2 into Charlie Sand. Other performance measures such as ratio of pressure increase, the fraction of pore-volume utilised and the plume size showed that an injection rate of 2 million tonnes of CO 2 per year through a vertical well in platform Forties Delta (FD) is not posing risk for storage operation. Adding the Nelson platform into utilisation, the results of CO 2 storage for 100 years of injection were reported. The results of this operation that injects 300 million tonnes of CO 2 are promising and indicate that the potential of CO 2 injection in these two reservoirs in the future is strong. Based on a methodology to minimise the risk of leakage from abandoned wells outside the reservoir boundaries, an optimal scenario of CO 2 injection was chosen. Compared to the static estimates, the values are very conservative, but incorporate geological factors and risk of leakage.
